The chemical reactions involved in CO 2 absorption and desorption by chemical absorbents such as aqueous amines are being investigated and modelled to identify and make potential improvements in efficiency. Recent advances in FT-IR spectroscopy have allowed for convenient and rapid analysis of chemical species to be carried out in an aqueous environment. This paper presents the findings of an investigation of carbon dioxide absorption and desorption into/from amine solutions. The amines investigated, including primary capture solvents (eg. MEA) as well as promoters (eg. MDEA), have been selected to demonstrate that both carbamate and carbonate formation can be monitored using this technique. New insights into a much applied but little understood industrial chemical process have been revealed.
Introduction
The reduction of greenhouse gas emissions from anthropogenic activities such as power generation is proving to be a real and immediate challenge to Australia and other developed and developing nations worldwide. A potential solution to greenhouse gas emissions from fossil-fuelled combustion sources has emerged in recent years in the form of CO 2 capture and sequestration. The technologies and systems used for capture and sequestration of CO 2 have been used in the chemical-and oil and gas industries for decades. Although none of the capture technologies have been specifically developed for application in coal fired power generation, they are based on various chemical and physical processes that could be implemented at the end of a fossil fuelled combustion source. These capture methods vary from (i) absorption with amine based solvents to (ii) adsorption on substrates, (iii) separation with CO 2 selective membranes, and (iv) cryogenic separation methods. Of these technologies, the most mature and widely implemented in industry is absorption with an aqueous amine based absorbent.
The chemical reactions involved in CO 2 absorption and desorption by chemical absorbents such as aqueous amines are being investigated and modelled to identify and make potential improvements in efficiency. Recent advances in FT-IR spectroscopy now allow for the convenient and rapid analysis of chemical species to be carried out in an aqueous environment. The present paper reveals the findings of an investigation of carbon dioxide absorption into amine and ammonia solutions. The reactions between CO 2 and amines were followed in situ using an attenuated total reflectance (ATR) probe head optically coupled to the FT-IR spectrometer. The chemical species formed in the reaction were identified using the IR absorption of characteristic functional groups. The results are presented for a range of amines including the more established solvents monoethanolamine (MEA) and methyldiethanolamine (MDEA). This technique has revealed new insights into a much applied but little understood industrial chemical process.
Experimental
A schematic diagram of the experimental apparatus is presented in Figure 1 . Briefly, a mixture of N 2 (>99.99% purity, BOC Australia, 1.48 L/min) and CO 2 (99.5% purity, BOC Australia, 222 mL/min), the precise composition of which was set using mass-flow controllers (EL-FLOW, Bronkhurst), was first passed through a mixing chamber and subsequently through a pre-humidifier to limit evaporation from the reaction solution. The temperature of the reaction solution was maintained at 40°C using a water bath (Techne Instruments). The gas flow was then entrained into an unstirred reaction mixture, and the CO 2 -depleted gas stream passed to a calibrated IR gas analysis unit (VS-3000, Horiba). The depletion of the CO 2 content of the gas stream was used to evaluate the capture performance of selected amines independently of the ATR-FTIR measurements.
The water bath temperature (monitored using a calibrated K-type thermocouple), system pressure and CO 2 content of the gas stream, were logged using a dedicated PC running the software Labview v.7 interfaced to a SCXI-1000 DAQ unit (National Instruments).
During these experiments, a composite zinc selenide and diamond ATR crystal, mounted on the end of a 36 cm (C-276) Hastelloy® probe and attached to either: (i) a one-piece, flexible chalcogenide optic fibre conduit, or (ii) a multi-piece elbowed and internally-mirrored conduit was immersed in situ in the reaction solution and interfaced to a ReactIRiC10 Fourier-Transform Infrared (FT-IR) spectrometer (Mettler-Toledo). The IR system was controlled by a dedicated PC running the software icIR v2 (Mettler-Toledo). A typical scan range was 3000 -700 cm-1. A drawback of the ATR diamond-tipped probe is the diamond absorption in the region 1960-2250 cm-1. Fortunately, alternatives to vibrational bands falling in this region lie beyond this wavenumber range. Ab initio geometry optimisations and harmonic frequency calculations were performed at the B3LYP/6-31G(d,p) level using the GAMESS software suite [1] on a PC with a dual-core processor running Windows XP. Harmonic frequencies are useful guides for assigning vibration modes to spectra, but the exclusion of anharmonic effects and solvent corrections in the calculations leads to large differences between the experimental solution phase and calculated gas phase values. Nonetheless, the 3-parameter hybrid DFT method, which mixes in the exact HartreeFock exchange with gradient-corrected DFT exchange and correlation, usually yields a good approximation to the PES in the vicinity of the energy minimum which is critical for the energy derivatives used to evaluate vibrational frequencies. High quality results are often achieved at a low computational cost with a prudent choice of exchangecorrelation quadrature grid (in this case 248,832 points per atom).
Results and Discussion

Base-catalysed CO 2 capture: OH
Figure 2 is a partial temporal profile of the reaction between CO 2 (222 mL/min) and 50 ml 0.489 M NaOH solution (standardised against potassium phthalate solution). The figure legend (right) indicates time elapsed between introduction of gas to the reaction vessel, and spectral acquisition. The peak at 1638 cm −1 (6.09 μm) is assigned as an overtone of the broad O-H stretch at 3368 cm −1 (2.96 μm). Both peaks are evident in pure water spectra and in subsequent spectra acquired for aqueous amine systems, but neither peak was observed by Falk and Miller in their study of the CO 2 /water system [2] .
The smaller peak between 1400-1300 cm −1 not only increases with time, but appears to shift in frequency during the course of the reaction (1389 cm −1 at t = 00:02:12 to 1362 cm −1 at t = 01:19:12). According to IR correlation charts, C-OH stretches appear in this region of the IR spectrum. This is consistent with the assignments by Falk and Miller [2] 
Industry standard: MEA + CO 2
MEA (monoethanolamine, or simply ethanolamine, see Figure 3 ) is a small organic molecule possessing both an hydroxyl group (-OH, red + 1 white) and an amine group (-NH 2 , blue + 2 white). These groups are at opposite ends of the molecule, helping to confer the unique properties (high solubility and reactivity with aqueous CO 2 ) that make MEA the industry standard for CO 2 capture/removal from industrial gas streams [3] . Like most primary amines, MEA reacts with CO 2 to form a stable carbamate, and the concentration of CO 2 present in the reaction solution as "carbonate" (hereafter collectively referred to as both HCO 3 − and CO 3 2− ) should remain relatively low for the duration of solution loading. Figure 3 IR spectrum of pure MEA, and (inset) a ball-and-stick model of MEA [4] . The white atoms = hydrogen, black = carbon, blue = nitrogen, red = oxygen. See Table 1 for peak assignments.
The peaks labelled 1-4 in the IR spectrum of pure MEA (Figure 3 ) are of lesser utility for monitoring CO 2 capture kinetics in an aqueous solution of MEA, due to the broad O-H IR absorption feature of water. However, there are a number of peaks in the region 2000-900 cm −1 that can be used to monitor evolution of CO 2 /MEA reaction products. The surface plot in Figure 4 suggests at least 6 major peaks, and up to 5 minor peaks, could be used to derive rate constants for the CO 2 /MEA reaction, as their temporal variation is clear in the figure.
At times close to t = 0, peaks due to MEA and water should dominate the IR spectra. Peaks 5, 7-10, labelled in Figure 5 , are within 5 cm −1 of the values measured for pure MEA. As the reaction progresses (CO 2 loading increases), all of these peaks either:
(i) disappear, or (ii) shift in frequency. Several peak assignments in Table 2 are based on chemical intuition, as there are few examples of IR analysis for carbamate species in the literature, and this is the first report of the IR observation/detection of 2-hydroxyethylcarbamate in aqueous solution. Temporal variation of selected 2-hydroxyethylcarbamate and ethanolamine peaks are presented in Figure 6 . Referring to Figure 6 , the fast increase in the abundance of '[A]' and '[B]', as correlated with the increase in IR peak height, suggests that these peaks are associated with 2-hydroxyethylcarbamate vibrations. Carbamate formation is expected to be rapid upon introduction of CO 2 to the reaction vessel. The abundance of ' [7] ' increases more slowly with time, and given the frequency of this vibrational peak (1366 cm −1 ), it is clearly associated with carbonate formation. Carbonate will form (i) as a hydrolysis product of 2-hydroxyethylcarbamate or (ii) by direct nucleophilic attack by OH − on aqueous CO 2 under the high pH conditions induced by the dissolved -or aqueous-MEA. The abundances of '[J]' and '[K]' decrease during the course of the reaction, so these peaks are associated with transformation of the MEA amine group to a carbamate group. It is quite likely these peaks correspond to -H 2 C-NH 2 bending or torsions. Table 1 ; 3 Atomic weight of P = 31 amu, atomic weight of CO = 28 amu, so the vibrations will exhibit similar anharmonicities, and possibly frequencies;
4 IR correlation chart. Also close to C-OCN cyanate stretch (weight of OCN = 42 vs CO 2 = 44) Figure 5 Selected slices of the IR surface, presented in Figure 4 , for the aqueous MEA/CO 2 reaction. The legend (RHS) indicates time elapsed since gas admission to the reaction vessel and spectral acquisition. Refer to Tables  1,2 for peak designations.
A hindered primary amine: AMP + CO 2
AMP, or 2-amino-2-methyl-1-propanol, is a hindered primary amine which reacts with CO 2 to form predominantly carbonate. This outcome is preferable for a CO 2 capture solvent, because the greater stability of carbamate species requires greater heat input to regenerate the parent amine and CO 2 , compared with CO 2 regeneration from carbonate/bicarbonate solutions. The frequencies given in Figure 7 compare well with the frequencies for carbonate stretches listed above for the MEA and OH − catalysed CO 2 capture reactions. Referring to Figure 8 , the abundance of ' [4] ' decreases as the reaction progresses. Accordingly, this peak corresponds to an AMP vibration (primary amine C-N stretch). Peaks ' [2] ' and ' [3] ' are observed to increase over the course of the reaction, and the frequencies at which these peaks are observed closely match the carbonate and bicarbonate vibration frequencies reported above. These peaks are clearly representative of carbonate speciation. The peak ' [1] ' is observed to increase at the rate of carbonate formation at the reaction onset, however, after a few minutes the rate of generation of this species decreases so that towards the end of the reaction, the rate of generation is only slightly greater than the rate of consumption and equilibrium is almost established. This suggests ' [1] ' is due to a vibrational mode of 2-hydroxy-2-methylpropylcarbamate. 
A tertiary amine: MDEA + CO 2
Methyldiethanolamine (CH 3 )N(C 2 H 4 OH) 2 , is a tertiary amine more often used as a base promoter in a mixture of amines used for CO 2 capture, rather than the principal capture solvent. Tertiary amines can only form carbonates via the base-catalysis pathway, due to the absence of hydrogen atoms bonded directly to the nitrogen atom. Moreover, the base-catalysed bicarbonate pathway is kinetically unfavourable (longer CO 2 gas-capture solution contact times are required).
Referring to Figure 9 , in particular the legend (right hand side), it is evident that the CO 2 loading of MDEA occurs extremely slowly, and the paucity of spectral change, aside from the boxed region, is entirely consistent with a single reaction pathway being operative (base-catalysis). Peaks observed to change within the boxed region (eg. '1') are consistent with formation of carbonate and bicarbonate.
Conclusion
The results presented in this paper demonstrate the utility of ATR probe-FTIR for the analysis of CO 2 capture by amines in aqueous media. Peaks for four industrial capture solvents have been identified and observed to change with time, and could eventually provide information on the reaction product distribution. This technique will be used in future screening experiments for novel solvents. We also hope to determine kinetic constants by deriving relationships between the product concentrations and FTIR peak heights or areas.
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